We report the magnetic dead layer at the interfaces between Fe and Si(111) surfaces. We prepared two ultrathin iron-silicides, c(8×4) prepared at 900 K and p(2×2) at 700 K, and clean reconstructed 7×7 surface for the silicon templates. By using magneto-optical Kerr effect, we found that at room temperature the ferromagnetic order appears at 5.5 ML, 8.2 ML, and 10.9 ML for Fe/c(8×4) silicide, Fe/p(2×2) silicide, and Fe/Si(111)-7×7 surface, respectively. From the thickness dependent magnetization measurements, we decided the magnetic dead layer for Fe/c(8×4) silicide, Fe/p(2×2) silicide, and Fe/Si(111)-7×7 to be 3.0 ML, 5.0 ML, and 7.5 ML, respectively. Our results indicate that the c(8×4) iron silicide surface prevents further silicide formation more effectively than the p(2×2) silicide and Si(111)-7×7 surface.
I. INTRODUCTION
The ferromagnetic behavior of ultrathin iron films on Si substrates has been extensively studied for the magnetic device's applications [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Substantial intermixing, however, occurs at the Fe/Si interface even at room temperature (RT) due to high reactivity of Si. The intermixing is accountable for no magnetic moment at the interfaces between Fe and Si, which is called a magnetic dead layer (MDL) [8] . MDL has been a crucial concern since MDL would affect the spin transport [14] .
The formation of the intermixing critically depends on film thickness, structure, and stoichiometry of the FeSi interface [15] [16] [17] [18] [19] [20] [21] [22] [23] . To avoid the strong intermixing of Si atoms with ferromagnetic metals and to maintain the large magnetic moments of the ferromagnetic metal atoms, several methods have been proposed: the insertion of thin buffer layers such as metallic [24] [25] [26] , semiconducting [11] , insulating [4] materials, passivation of the Si surface with other materials to form inert interfaces [29] . The passivation of Si(111) surface with nitrogen, forming a stable nitride, is successful, resulting in the absence of the magnetic dead layer [29] . On the Si nitride surface, however, the subsequently grown Fe forms nanoparticles instead of films, and is superparamagnetic for low coverages (∼2 ML). For the epitaxial growth of Fe, an ironsilicide buffer layer would be suitable since it was reported that Fe(111) orientated films grow on the iron silicide surface [7] .
A lot of research has been devoted to the study of the interfacial structure and magnetism of Fe films such as β-FeSi 2 and ε-FeSi on Si substrates [27, 28] . The investigation of the interfacial MDL for ultrathin Fe films on iron silicides and Si(111)-7×7 surfaces plays an important role for the heterojunction. As previously reported [30, 31] , the high-quality epitaxial ultrathin iron silicides can be obtained on Si(111). These iron silicides are thermally stable, and could be better candidates for the suppression of the interfacial MDL of Fe-Si alloy.
In this study, the ultrathin iron silicides were used as templetes for the reduction of MDL. Magnetization curves at the interface of the additional Fe films on iron silicide phases, c(8×4) and p(2×2), was measured by magnetooptic Kerr effect (MOKE), and the interfacial MDL on iron silicide phases, c(8×4) and p(2×2) was evaluated. The results of MDL for the silicide templates were compared with that for the clean Si(111)-7×7 surface.
II. EXPERIMENTAL
The experiments were conducted in a multi-chamber UHV system with a base pressure of 2 × 10 −8 Pa, allowing in situ transfer between the chambers for low energy electron diffraction (LEED) and MOKE measurements. A Si(111) substrate was cut from a commercial Si wafer. The Si substrate was washed by ultrasonic cleaning with ethanol, and then fixed on a nonmagnetic sample holder. The substrate was heated by electron bombardment, degassed at 800 K for 12 h, and repeatedly flashed at approximately 1400 K. After this procedure, a clean reconstructed Si(111)-7×7 surface was confirmed by LEED as shown in Fig. 1(c) . Iron silicide layers were grown with Fe deposited onto a Si(111)-7×7 surface at RT and subsequent anneal at 700-900 K for 10 min. Fe was evaporated from an electron beam evaporator. The pressure during the Fe deposition was below 4 × 10 −8 Pa. The Fe deposition rate (∼1 ML/min) and Fe coverage (θ Fe ) were monitored by a quartz crystal microbalance. Here 1 ML is defined as 7.8 × 10
14 atoms/cm 2 , which corresponds to the surface atomic density of Si(111). This atomic density is close to that of bcc Fe(111), 7.1 × 10 14 atoms/cm 2 , which is known to grow on Si(111) for thicker Fe coverages (> 10 ML) [7] .
The magnetic properties were measured by in situ MOKE with an electromagnet applying up to 1000 Oe. For the MOKE measurements, a 635-nm laser diode was used as a light source, and the light incident angle was set at 45
• on the sample.
III. RESULTS

A. Iron silicide formation
Ultrathin iron silicides were prepared on Si(111) surface in the same way as previous reports [30, 31] . 1.7 ML Fe was deposited on Si(111) at RT, which was subsequently annealed. Depending on the annealing temperature, two different iron silicides were formed as observed by LEED [ Fig. 1(a, b) ]. Figure 1 (a) shows a p(2×2) structure obtained at the annealing temperature of 700 K. With increasing the annealing temperature upto 900 K, the p(2×2) structure transformed to the c(8×4) silicide [ Fig. 1(b) ], which is in good agreement with the previous reports [8, 30, 31] . With further increase of the annealing temperature, the c(8×4) structure gradually changed to the (7×7) structure, which indicates the recovery of the clean Si(111) surface by the diffusion of Fe into deeper bulk. The c(8×4) iron silicide phase did not appear at the higher coverage of θ Fe ≃ 4 ML, while the p(2×2) silicide phase appeared at higher Fe coverages (θ Fe > 4 ML) [8] . These iron silicides were not ferromagnetic and we used them as templates for the growth of additional Fe thin films.
B. Magnetic properties
The magnetic properties of the ultrathin Fe films upto ∼30 ML on the iron silicides [p(2×2) and c(8×4)]
and Si(111)-7×7 surface were investigated at RT using MOKE. The Fe coverage shown does not include the Fe amount used for the silicide formation. The longitudinal geometry, i.e., the magnetic field applied within the plane of the films, was employed to measure magnetization hysteresis curves throughout the whole Fe thickness range. To identify the MDL on the iron silicide and Si(111)-7×7 surface, we measured Fe thickness dependence of Kerr rotation. The Kerr rotation is approximately proportional to the total magnetization of the sample when the thickness of the sample is enough thin compared with the light penetration depth [32] . Figure 3 shows the Kerr rotations as a function of Fe coverages on the iron silicides and Si(111)-7×7. The slopes for all three samples are very similar (6.2 × 10 −4 deg/ML), indicating that the films with ferromagnetic order have similar electronic structures. The Fe films grown on the ordered silicides, p(2×2) and c(4×8) phases, and Si(111) -7×7 show epitaxial bcc structures [7, 29] , with a preferential (111) orientation. The similar slope of the Kerr rotations for the three samples is in good agreement with these structural results.
Thickness dependence of the Kerr rotations shows that the Fe film on c(8×4) silicide has larger Kerr rotations than those for the p(2×2) silicide and Si(111)-7×7 surface. With increasing the Fe coverage, the Kerr rotation linearly increases. If the entire Fe film is ferromagnetic at the higher coverage, the intersection at zero Kerr rotation should correspond to zero Fe thickness [32, 33] . However this is not the case for the silicides and Si(111) templates, and the intersections show the magnetic dead layer. On c(8×4) silicide, the extrapolated Kerr rotation is zero at 3 ML, indicating that the MDL for c(8×4) is 3 ML. In the same way, the Kerr rotation as a function of the Fe coverage indicates that the MDL is 5 ML for p(2×2) silicide and 7.5 ML for Si(111)-7×7 surface.
IV. DISCUSSION
We were not able to obtain any ferromagnetic order at RT below 5 ML of Fe coverage on all the samples studied, c(8×4) silicide, p(2×2) silicide, and Si(111)-7×7 substrate. This is due to the intermixing of Fe and Si, leading to the formation of thin non-magnetic Fe-Si interfacial phases [2] . On Si(111)-7×7 with Fe deposition at RT, the onset of ferromagnetism has been reported to be between 4.7-6 ML [2, 7, 29] , which is slightly thinner than our result, 7.5 ML. This slight difference may come from the deposition conditions such as deposition rate, temperature since they affect the diffusion and morphology [35] .
The MDL for the iron silicide templates is thinner than that for the clean Si(111)-7×7. The silicide substrates can prevent the diffusion of Fe at the interfaces more effectively. Although the same amount of Fe is deposited for the preparation of the silicide templates, the MDL for the c(8×4) template is thinner than that for the p(2×2). The difference of the MLD is attributed to the preparation temperatures and possible induced ferromagnetism at the interface with additional Fe deposition.
The interface Fe silicide can become ferromagnetic [28] due to the further silicide formation and the exchange interaction with the additional Fe films, which gradually proceeds as the Fe thickness increases. This would in part contribute to the thinner MDL for the p(2×2) and c(8×4) templates. Yet, the c(8×4) template acts as more effective protective layer than p(2×2), regardless of the ferromagnetic contribution at the interface.
The ultra-thin c(8×4) and p(2×2) Fe silicide phases are reported to have c-FeSi structure, which is restricted at the interface, not stable in the bulk phase [34] . Our results indicate that the c(8×4) Fe silicide surface prevents further silicide formation. The c(8×4) surface has a higher disintegration temperature than p(2×2) [30, 31] . The thermal stability of the c(4×8) structure is noticeable even when compared with thick Fe silicide (4 ML) with a p(2×2) structure [30] . This thermally stable interface would sustain after additional Fe deposition.
V. CONCLUSION
To summarise, we have investigated the interfacial magnetism and a magnetic dead layer of ultrathin Fe film/iron silicides and Si(111)-7×7 interface at RT by MOKE. The MOKE result shows that 5.5 ML Fe/c(8×4) silicide, 8.2 ML Fe/p(2×2) silicide, and 10 ML Fe/Si(111)-7×7 interface set in ferromagnetical order at RT, respectively. This different behaviour of the Fe film on the iron silicides and Si(111)-7×7 surfaces is due to the interfacial intermixing between Fe and Si atoms. The thickness dependent study of the Kerr rotations shows that the MDL for Fe/c(8×4) silicide is 3.0 ML, Fe/p(2×2) silicide is 5.0 ML and Fe/Si(111)-7×7 is 7.5 ML. The c(8×4) silicide effectively minimizes the MDL since it has a stable interface structure due to the high disintegration temperature. MDL on novel electric materials such as graphene [14] , topological insulators [33] has not been well understood. Future works on the FM order and MDL of ultrathin Fe films on the interfaces will have important implications for both fundamental physics and the emerging spintronics technology.
